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We address the ballistic transmission of charge carriers across ordered line defects in monolayer
transition metal dichalcogenides. Our study reveals the presence of a transport gap driven by
spin-orbit interactions, spin and valley filtering, both stemming from a simple picture of spin and
momentum conservation, as well as the electron-hole asymmetry of charge-carrier transmission.
Electronic transport properties of experimentally observed ordered line defects in monolayer MoS2,
in particular, the vacancy lines and inversion domain boundaries, are further investigated using first-
principles Green’s function methodology. Our calculations demonstrate the possibility of achieving
nearly complete spin polarization of charge carriers in nanoelectronic devices based on engineered pe-
riodic line defects in monolayer transition metal dichalcogenides, thus suggesting a practical scheme
for all-electric control of spin transport.
The spin and valley degrees of freedom of charge carri-
ers are being actively considered as a means of extending
the capabilities of present-day charge-based electronics.
A major challenge on the way to designing practical de-
vices for generating, manipulating and detecting spin-
and valley-polarized charge carriers lies in finding novel
physical phenomena and suitable materials that will be
utilized in such devices. Two-dimensional (2D) materi-
als such as graphene, and more recently the transition
metal dichalcogenides, appear to offer a number of valu-
able properties for the emerging fields of spintronics [1–4]
and valleytronics [5, 6].
The family of layered transition metal dichalcogenides
(TMDs) MX2 (M = Mo, W; X = S, Se) has attracted
considerable attention as prospective materials for next-
generation electronics [7–9] and photovoltaics [10]. Single
layers of the 2H-phase TMDs are direct band gap semi-
conductors with valence and conduction bands located at
the inequivalent K and K ′ points of the Brillouin zone
[see Fig. 1(a) for a schematic illustration of the band
structure] [11–14]. Single-layer TMDs lack inversion sym-
metry, hence a spin-orbit interaction lifts the spin de-
generacy of the bands. The effect of a spin-orbit inter-
action is particularly pronounced in the valence band,
giving rise to spin splittings of 0.15–0.46 eV across the
family of single-layer TMDs [15]. A combination of the
two properties mentioned above results in an intrinsic
spin-valley coupling of the hole charge carriers [16], thus
making these materials an appealing choice for beyond-
electronics applications. However, the potential of this
novel physical phenomenon for prospective technologi-
cal applications is far from being fully explored. While
valley polarization of charge carriers by optical means
has been recently reported [17–19], neither practical all-
electric schemes for generating polarized charge carriers
nor spin transport phenomena in monolayer TMDs have
been demonstrated so far.
In this Rapid Communication, we propose a simple ap-
proach for generating spin- and valley-polarized charge
carriers by means of transmission across periodic line
defects in monolayer TMDs. Our study also reveals a
number of transport phenomena in these materials, such
as the suppression of hole transmission across inversion
domain boundaries driven by spin-orbit splitting of the
valence band. Our predictions, which are based on a
simple and intuitive picture of spin and momentum con-
servation, are further supported by the results of first-
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FIG. 1: (a) Schematic illustration of the electronic band
structure of monolayer TMD materials showing the spin-split
valence bands at points K and K′ of the Brillouin zone and
nearly spin-degenerate valence band at Γ and conduction
bands at points K and K′. The spin-up and spin-down bands
are color coded (red and blue). (b) Projection of the 2D band
structure shown in (a) onto the direction parallel to one of
the real-space lattice vectors. (c),(d) Allowed transmission
channels for the hole charge carriers in the K and K′ val-
leys across line defects that preserve lattice orientation and
inversion domain boundaries, respectively. The insets show
the orientation of the crystalline lattice in the two domains
separated by the line defect (dashed line).
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2principles Green’s function calculations, which reveal the
quantitative aspects of spin- and valley-polarized trans-
port across representative line defects in monolayer MoS2
that have been observed experimentally and can be en-
gineered in a controlled manner.
We will first discuss the general phenomenology with-
out making recourse to any particular member of the
family of TMD materials or to a specific defect struc-
ture. It is, however, worth stressing that line defects in
TMDs, such as grain boundaries and inversion domain
boundaries (equivalent to 60◦ grain boundaries), tend to
exhibit well-ordered periodic structures [20–23]. The pe-
riodicity vector d of a one-dimensional defect is defined
by the commensurability condition, that is, by match-
ing two translational vectors in the “left” and “right”
domains separated by the defect [24]
d = nLa1,L +mLa2,L = nRa1,R +mRa2,R, (1)
where (a1,L, a2,L) and (a1,R, a2,R) are the lattice vec-
tors of the “left” and “right” domains, respectively, and
(nL,mL), (nR,mR) are pairs of integers.
Figure 1(b) shows the band structure of a mono-
layer TMD projected onto the direction of momentum
parallel to the defect, k||, when this defect is oriented
along one of the lattice vectors [or, more generally, when
(nL(R) −mL(R)) mod 3 6= 0]. In this situation, which is
most often observed in experiments, the two valleys at
points K (ν = +1) and K ′ (ν = −1) of the Brillouin
zone are separated in k||. Once k|| is conserved upon
transmission, two possibilities can be realized. For de-
fects characterized by
(nL −mL) mod 3 = (nR −mR) mod 3 6= 0, (2)
such as the structures that do not change lattice orien-
tation [e.g., (nL,mL) = (nR,mR) = (0, 1)], valley indices
are conserved upon transmission. Figure 1(c) shows the
allowed transport channels for hole charge carries when
spin is additionally conserved upon transmission across
such periodic defects. In this situation, spin and momen-
tum conservation does not lead to transmission blocking
at any charge-carrier concentration.
Figure 1(d) illustrates a different situation defined by
0 6= (nL −mL) mod 3 6= (nR −mR) mod 3 6= 0, (3)
in which the valley indices are exchanged upon cross-
ing the defect. This scenario is realized in inversion do-
main boundary defects, which can be defined by the lat-
tice vectors a1,L = −a1,R and a2,L = −a2,R, and thus
(nL,mL) = (0, 1) and (nR,mR) = (0,−1), in order to
satisfy the commensurability condition (1). At low con-
centrations of hole charge carriers, this will result in a
complete suppression of transmission if both spin and
momentum are conserved. At larger charge-carrier con-
centrations, additional allowed channels will be involved
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FIG. 2: Illustration of the two scenarios governing the trans-
port gap Et across inversion domain boundaries for the hole
charge carriers is governed (a) by ∆EK−Γ < ∆ESO or (b) by
the overlap between valleys K and K′, which is realized for
sufficiently large line-defect periodicities d.
once the opposite-spin branches separated by spin split-
ting ∆ESO start being populated. In order to complete
the picture of ballistic transmission across the inversion
domain boundary defects, one needs to consider two more
contributions: (i) transmission of the hole charge carri-
ers populating the spin-degenerate valley at the Γ point,
which is separated from the valence band maximum by
relatively small energies ∆EK−Γ [see Fig. 1(b)], and (ii)
the overlap of the K and K ′ valleys along k|| at larger d,
as illustrated in Fig. 2. Overall, one can expect a strong
suppression of the transmission of hole charge carriers
across the inversion domain boundaries, with the magni-
tude of the effective transport gap defined by
Et = min
[
∆ESO,∆EK−Γ, E0
a
d
]
, (4)
where E0 = h
2/(72m?a2) is the characteristic energy of
the valence band with an effective charge-carrier mass
m?, and a is the lattice constant.
The fact that the two valleys are separated in k|| in
the considered scenarios will result in discrimination of
the transmitted charge carriers with respect to their val-
ley index ν and incidence angle θ ∈ (−pi/2, pi/2). This
effect was originally predicted [29] for a particular exper-
imentally observed line defect in graphene [30, 31]. We
argue, however, that valley filtering is expected for any
periodic line defect which leaves the two valleys sepa-
rated in k|| space since the following property holds for
valley-resolved transmissions,
Tν (θ) = Tν
(
k||
)
= T−ν
(−k||) = T−ν (−θ) 6= T−ν (θ) ,
(5)
for the incidence angle θ bijectively related to momen-
tum k|| in the one-dimensional (1D) Brillouin zone of
the defect. The corresponding valley polarization of the
transmitted charge
Pν (E, θ) =
Tν=+1 (E, θ)− Tν=−1 (E, θ)
Tν=+1 (E, θ) + Tν=−1 (E, θ)
(6)
is generally nonzero for any θ 6= 0. At low concentrations,
the valley polarization of hole charge carriers Pν is equiv-
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FIG. 3: (a) Top and side views of the relaxed atomic structures of periodic line defects in monolayer MoS2, the single
vacancy line (SVL), and two different structures of inversion domain boundaries (IDB1 and IDB2), that have been observed
experimentally [20, 25–28]. (b) Charge-carrier transmissions T (E, k||) across the three investigated line defects in monolayer
MoS2 as a function of energy E relative to the valence band maximum and momentum k||. The contours of the bulk bands
projected onto the defect direction are shown as dashed lines. The transmissions of electron and hole charge carriers are shown
on different scales defined by the upper limit Tmax. (c) Spin polarization of the transmitted charge carriers Pσ(E, θ) as a
function energy E and incidence angle θ calculated for the three studied line defects in monolayer MoS2. Dashed lines reflect
the positions of the band edges.
alent to their spin polarization Pσ, due to the intrinsic
spin-valley coupling in monolayer TMDs [16]. The lat-
ter property, however, is different as spin is an intrinsic
property of an electron, hence spin-polarized charge car-
riers can be injected into other materials. The considered
defects can thus be used for controlling the spin polariza-
tion of charge carriers by all-electric means without the
use of magnetic materials.
In order to investigate the quantitative aspects of the
predicted spin- and valley-polarized transport phenom-
ena, we perform first-principles quantum transport sim-
ulations using the Green’s function technique with spin-
orbit interactions accounted for by using two-component
spinor wave functions in combination with fully relativis-
tic norm-conserving pseudopotentials (for a detailed de-
scription, see the Supplemental Material [34]). Without
loss of generality, we further focus our attention on mono-
layer MoS2 as a representative member of the monolayer
TMD materials family. In our density functional the-
ory calculations, we obtain Eg = 1.61 eV for the band
gap. The calculated band offset between the K and Γ
valence bands ∆EK−Γ = 0.055 eV, while the spin split-
ting of the valence bands at K points ∆ESO = 0.15 eV,
both in agreement with experiments and previous calcu-
lations [13, 15]. The effective mass of hole charge carriers
m? = 0.57me corresponds to the characteristic energy
E0 = 0.73 eV. As an example of a periodic line defect
realizing the situation shown in Fig. 1(c), we consider
the single vacancy line (SVL) defects reported by Komsa
et al. [25]. Two different structures of inversion domain
boundaries (IDB1 and IDB2), observed in Refs. 20, 26–
28, were considered as examples of systems realizing the
second transport scenario shown in Fig. 1(d). All three
defect structures are oriented along one of the lattice vec-
tors (often referred to as the zigzag direction) and have
the smallest possible periodicity d = a. Importantly,
the above-mentioned ordered defects can be engineered
with a fair degree of control at transmission electron mi-
croscopy conditions [25–28]. The atomic structures of
these line defects are shown in Fig. 3(a).
Figure 3(b) shows the calculated charge-carrier trans-
missions T (E, k||), across the investigated line defects in
MoS2, as a function of energy E relative to the valence
band maximum and momentum k|| parallel to the defect.
One can immediately notice the predicted suppression
of transmission across the inversion domain boundaries
(IDB1 and IDB2) for the low-energy hole charge carriers.
In monolayer MoS2, the transport gap is governed by the
K−Γ band offset rather than the spin splitting of the K
valley bands, that is, Et = ∆EK−Γ [cf. Eq. (4)]. In the
case of the IDB1 defect, the transmission is strictly zero
for 0 > E > −Et, while for the IDB2 structure a resid-
4ual transmission not exceeding 10−3 was found within
the predicted transport gap. The latter is enabled by the
spin-flip process due to out-of-plane bending at the defect
line [Fig. 3(a)]. In general, T (E, k||) shows strong varia-
tions in both E and k||, with linelike suppression typical
of resonant backscattering on localized states hosted by
the defects [20, 32]. A similar phenomenon was also re-
ported for the charge-carrier transmission across a line
defect in graphene [31].
Figure 3(c) shows the calculated spin polarization
Pσ(E, θ) of transmitted charge carriers as a function of
their energy E and incidence angle θ. The most promi-
nent spin polarization is found for the SVL defect at en-
ergies 0 > E > −∆EK−Γ where the hole charge carriers
belong only to fully spin-polarized valleys K and K ′. For
instance, at E = −10 meV, spin polarization achieves
Pσ = ±0.997 at incidence angles θ = ±30◦. Impor-
tantly, at these charge-carrier energies the transmissions
are also high, of the order of 1. This combination of prop-
erties identifies the optimal conditions for using ordered
vacancy line defects in nanoscale spintronic devices. At
E < −∆EK−Γ the spin polarization dramatically reduces
due to a large contribution to conductance of charge car-
riers in the spin-degenerate Γ valley, which is also char-
acterized by large transmissions. Interestingly, large val-
ues of Pσ are also found for the electron charge carriers,
although spin-orbit effects in the conduction band are
generally weaker and have a complex character. In this
case, transmissions are found to be about two orders of
magnitude lower.
For the IDB1 defect we generally find a lower degree
of Pσ across the relevant range of values of E and θ.
The dominant contribution to the transmission of holes
comes from conductance channels involving K and K ′
valleys, as indicated in Fig. 1(d). A sharp decrease of
spin polarization within θ ≈ ±30◦ is due to the fact that
only one of the two indicated channels is realized in this
range of incidence angle values [33]. Specifically, trans-
mission to the topmost valence band without a spin flip
in this region is prohibited. The degree of spin polariza-
tion P (E, θ) of holes transmitted across IDB2 shows large
variations with respect to energy E and angle θ, even in
the energy range which corresponds to residual transmis-
sion enabled by the spin-flip process. The sign of Pσ at a
constant incidence angle θ changes at E ≈ −20 meV. For
E < −∆EK−Γ multiple conductance channels compete,
resulting in an irregular behavior of spin polarization.
It is interesting to note the pronounced electron-hole
asymmetry of the ballistic conductances in all three con-
sidered cases [Fig. 3(b)]. The calculated transmissions of
the hole charge carrier across the SVL and IDB2 line de-
fects tend to approach their maximum nominal value of
2, which is the largest number of transmission channels
within the investigated energy range. In contrast, the
transmission of electron charge carriers is greatly sup-
pressed across both defects. The opposite is true for the
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FIG. 4: Self-consistent Hartree potential VH averaged over
the planes perpendicular to the transport direction for the
three line-defect models investigated in our work. The aver-
age VH of the bulk monolayer MoS2 contacts is set to zero in
all three cases. The position of the defect is at x = 0. Cal-
culated effective charges of defects per lattice constant length
are given.
IDB1 line defect – the transmission of low-energy electron
charge carriers is generally higher, which was also pre-
dicted for the same defect structure in MoSe2 [27]. We ex-
plain this behavior from the point of view of electrostatic
potential bending at the defect, which can be quantified
in terms of the self-consistent Hartree potential VH within
the scattering region obtained from our first-principles
calculations (Fig. 4). For both the SVL and IDB2 line
defects we observe upward potential bending which leads
to a tunnelinglike transmission of electrons (hence their
lower transmission), but not holes. Moreover, the larger
height of the potential barrier in the case of IDB2 is re-
flected in lower transmissions of low-energy electrons in
comparison with the SVL defect. The reversed behavior
of charge carriers crossing the IDB1 defect is related to
the downward potential bending. The sign and magni-
tude of potential bending is defined by an effective charge
localized on the defect (cf. Fig. 4), and a competing con-
tribution due to the head-to-head change of polarization
taking place upon crossing the IDB1 and IDB2 defects,
as shown in the inset to Fig. 1(d). A similar polarization
discontinuity has recently been predicted to occur at the
interfaces created upon selective functionalization of 2D
materials [35]. The contribution of polarization disconti-
nuity dominates in the case of the IDB1 structure, thus
leading to a downward potential bending, while the effec-
tive large negative charge in the case of the IDB2 defect
results in an upward potential bending.
In conclusion, our work reveals a number of transport
phenomena in the transmission of charge carriers across
ordered line defects in monolayer MoS2 stemming from
a simple and intuitive picture of spin and momentum
conservation combined with strong spin-orbit effects in
this two-dimensional material. The results are valid for
5other members of the monolayer TMD family of ma-
terials, but one can also expect such phenomena to be
observed in other semiconductors featuring strong spin-
orbit interactions. Our work constitutes an important
step towards understanding the transport properties of
realistic samples of monolayer TMDs. Furthermore, we
believe it also opens an avenue towards conceptually dif-
ferent nanoscale devices for electronics, and their exten-
sions, such as spintronics and valleytronics. The energy
of the charge carriers in such devices operated in the
ballistic regime can be controlled by means of gating,
while the angle dependence can be harnessed by posi-
tioning local contacts in predefined configurations rela-
tive to the line defect [36–38]. For the purpose of con-
firming the predicted filtering phenomenon, coupled spin
and valley polarizations of the charge carriers can be de-
tected using ferromagnetic contacts or by optical means
[17, 18, 39]. For instance, one can perform spatially re-
solved measurements of the circular polarization of light
emitted upon electroluminescence [40] in devices contain-
ing line defects. Practical devices relying on all-electric
schemes could rather use components in the valve config-
uration, as suggested for a graphene-based valleytronic
device [31]. Considering the recently demonstrated long
lifetimes of spin-polarized charge carriers in monolayer
TMDs [41], our work opens an avenue towards develop-
ing practical schemes for achieving all-electric control of
spin transport in spintronic devices.
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